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Abstract 
TiO2 hierarchical spheres synthesized via solvothermal method were decorated with Ag2S nanoparticles as co-catalyst at room 
temperature. The Ag2S nanoparticles improved the charge separation efficiency, thereby reducing recombination and enhancing 
the photocatalytic performance. The optimized Ag2S loading on TiO2 could produce hydrogen (H2) gas at an evolution rate of 
707.6 μmol h-1 g-1 and degrade methyl orange with a rate constant of 0.018 min-1. The composite material presents properties 
which are highly promising for environmental clean-up and clean energy generation applications. 
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1. Introduction 
Titanium (IV) dioxide (TiO2) is a photocatalyst material that is cheap, non-toxic and environmentally friendly, 
thus making it an ideal candidate for photocatalytic generation of H2 and environmental cleaning (e.g. wastewater 
treatment) applications [1]. Although Degussa P25 is a popular choice for TiO2 [2], three-dimensional (3D) 
structures such as hierarchical spheres have shown enhanced photocatalytic performance due to ideal qualities such 
as high surface area, light trapping, short diffusion length, and high porosity and stability [3, 4]. However, issues 
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such as wide band gap and high recombination rate of photogenerated charge carriers [5] are still affecting the 
performance of TiO2. A possible solution will be to load metal sulfide nanoparticles as co-catalysts on the TiO2 
hierarchical structures. Metal sulfides serve as a cheaper alternative which perform equally well if not more effective 
than noble metals [6, 7]. Silver sulfide (Ag2S) having a direct band gap of 1.0 eV [8], is a potential candidate as co-
catalyst to TiO2. In addition, α-Ag2S possesses negligible toxicity compared to other commonly used narrow band 
gap materials [9]. 
The deposition of Ag2S nanoparticles on TiO2 can be carried out at room temperature and atmospheric pressure. 
The TiO2 hierarchical spheres are stirred in silver nitrate (AgNO3) and thiourea (SC(NH2)2) solutions successively 
for as many cycles as desired to produce a uniform deposition of Ag2S nanoparticles with good heterojunction. This 
is a cheap and simple method which is environmentally friendly since it does not generate any toxic by-product, and 
the density of nanoparticles deposited can be easily controlled by merely varying the deposition cycles. The good 
interface can also promote transfer of charge carriers between the TiO2 hierarchical spheres and the co-catalysts, 
hence producing excellent photocatalytic performance. 
In this paper, Ag2S is deposited as a co-catalyst to TiO2 hierarchical spheres at room temperature. The number of 
loading cycles is varied to investigate the various loading densities and derive the optimal density of Ag2S 
nanoparticles for photocatalytic water splitting. The performance of the Ag2S/TiO2 composite in degradation of 
organic pollutant is also demonstrated via the photodegradation of methyl orange (MO). 
2. Experimental 
2.1. Synthesis of TiO2 hierarchical spheres   
The TiO2 hierarchical spheres were synthesized by a solvothermal method following Wu et al.’s work [4]. 1 ml of 
titanium n-butoxide (TBT, Sigma Aldrich) was added to a mixture of 6ml of dimethylformamide (DMF, Alfa Aesar) 
and 20 ml of isopropanol (IPA, HPLC grade, Tokyo Chemical) by stirring. The mixture was then heated in a Teflon-
lined autoclave at 200 °C for 3 h. The synthesized product was washed and centrifuged 3 times with ethanol. After 
drying at 90 °C, the TiO2 hierarchical spheres were annealed at 450 °C for 2 hours .  
 
2.2. Loading of Ag2S nanoparticles  
The Ag2S nanoparticles were loaded on the TiO2 hierarchical spheres at room temperature. 0.05 M ethanolic 
AgNO3 solution provides the Ag
+ ions, while 0.05 M methanolic SC(NH2)2 solution provides the S
2- ions. The lower 
surface tension and high wetting ability of ethanol and methanol compared to water allows superior penetration of 
the reacting solution deeply into the pores, resulting in uniform assembling of Ag2S nanoparticles on the TiO2 
hierarchical spheres. The TiO2 hierarchical spheres were magnetically stirred in the AgNO3 solution for 1 min as 
shown in Fig. 1. The hierarchical spheres were then centrifuged and washed with ethanol to remove loosely bound 
and excess precursor solution, before placing into the SC(NH2)2 solution and stirred for 3 min. The hierarchical 
spheres were then centrifuged and washed with methanol. This entire process constitutes as 1 cycle of Ag2S loading. 
The TiO2 hierarchical spheres were loaded with Ag2S through 1 to 5 loading cycles, and the samples are denoted as 
n-Ag2S/TiO2 (n represents the number of loading cycles). The samples were then dried at 60 °C for 2 hours to 
complete the loading process. 
 
Fig. 1 Schematic illustration of each cycle of Ag2S deposition. 
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2.3. Photocatalytic testing (water splitting and MO degradation)  
2 mg of n-Ag2S/TiO2 was dispersed in 10 ml of 10% v/v methanol/water solution by sonication in a 25 ml 
cylindrical quartz reaction cell. The reaction cell was sealed with a rubber septum and purged with argon (Ar) gas 
before irradiating with a 300 W Xenon arc lamp (intensity 100 mW cm-2) under magnetic stirring. A 100 µl gas tight 
syringe was used to extract gas samples which were analyzed with a gas chromatograph (GC2010). For the 
photodegradation of MO, 15 mg of photocatalyst was dispersed in 15 ml of 0.015 mM aqueous MO solution in the 
cylindrical quartz reaction cell. The mixture was magnetically stirred for 30 min in the dark to attain complete 
adsorption-desorption equilibrium, before illuminating with a 300 W Xenon arc lamp. The concentration of MO was 
determined using a UV-VIS-NIR spectrophotometer and the maximum absorbance peak value at 462.5 nm was used 
to plot the amount of MO degraded and thus, determine the photodegradation activity of the composite.  
 
2.4. Materials characterisation  
The morphology of the n-Ag2S/TiO2 composite was characterized by scanning electron microscopy (SEM, JEOL 
FEG JSM 7001F, 15 kV). The crystal structure of the composite was investigated with transmission electron 
microscopy (TEM, Philips FEG CM300) operated at 200 kV and X-ray diffraction (XRD, D5005 Bruker X-ray 
diffractometer equipped with graphite-monochromated Cu Kα radiation at λ = 1.541 Å). The valence states of the 
various elements were determined through X-ray photoelectron spectroscopy (XPS). Brunauer–Emmett–Teller 
(BET, Quantachrome Nova 1200) measurements were conducted with nitrogen (N2) as the adsorbate at liquid 
nitrogen temperature. UV-VIS-NIR spectrophotometer (UV-VIS, Shimadzu UV-3600) was used to measure the 
absorbance characteristics of the composites and MO solution. The gas samples from the photocatalytic experiments 
were analyzed by gas chromatography (Shimadzu GC2010 TCD) to determine the amount of H2 gas produced.  
3. Results and discussion 
The TiO2 nanostructures obtained from the solvothermal synthesis were initially in the form of layered protonated 
titanate hierarchical spheres (LTHSs) consisting of thin nanosheets [4]. The LTHSs were then converted to porous 
titania hierarchical spheres (PTHSs) made up of small anatase crystallites as shown in Fig. 2a upon calcination. The 
clear lattice fringes observed in the TEM images of the PTHSs (Fig. 2b and c) indicate the crystallinity of the TiO2 
hierarchical spheres, and the lattice spacing of 0.35 nm is in agreement with the values for the (101) lattice planes of 
tetragonal anatase TiO2 [10]. 
 
 
Fig. 2 (a) SEM image, (b) TEM and (c) HRTEM images of TiO2 hierarchical spheres. 
The TEM images in Fig. 3 show the distribution of Ag2S on the LTHSs with loading cycles of 1, 3 and 5 at both 
low and high magnifications. From the TEM images, the density of Ag2S nanoparticles is observed to increase with 
increasing number of loading cycles. It should be noted that for TEM imaging purposes, the Ag2S nanoparticles were 
intentionally loaded on LTHSs instead of PTHSs. This will allow the darker contrast of the Ag2S nanoparticles to be 
highly visible against the lighter contrast of the nanosheets in the LTHSs. All other characterizations and 
performance measurements were conducted using PTHSs loaded with Ag2S.  
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Fig. 3 Low and high magnification TEM images of (a,b) 1-Ag2S/TiO2, (c,d) 3-Ag2S/TiO2 and (e,f) 5-Ag2S/TiO2. 
Fig. 4a shows a HRTEM image of 3-Ag2S/TiO2 where the lattice planes of the anatase TiO2 and the Ag2S can be 
clearly observed, indicating that the composite is highly crystalline and a good interface exists between Ag2S and 
TiO2. A lattice spacing of 0.35 nm is attributed to the (101) plane of anatase TiO2 [10] while the d-spacing of 0.29 
nm corresponds to the (-112) plane of Ag2S [11]. The crystalline structure of the composite is also shown by the 
XRD spectra in Fig. 4b. The (101), (004), (200), (105), (211) and (204) peaks can be indexed to the anatase phase of 
TiO2 (JCPDS card No. 21-1272), and they are present in both TiO2 and 3-Ag2S/TiO2. The (111), (-112), (-121), 
(121), (-103), (200) and (-131) diffraction peaks can be indexed to monoclinic Ag2S (JCPDS card No. 14-0072). 
 
Fig. 4 (a) HRTEM image of 3-Ag2S/TiO2. (b) XRD spectra of TiO2 and 3-Ag2S/TiO2. 
BET measurements were carried out on the TiO2 hierarchical spheres (not shown) and 3-Ag2S/TiO2 to investigate 
the textural characteristics. The N2 adsorption-desorption isotherm of 3-Ag2S/TiO2 is shown in Fig. 5a, and the inset 
shows the corresponding pore size distribution. The isotherm is type IV with a small hysteresis loop observed at a 
relative pressure of 0.4 to 0.9. The TiO2 hierarchical spheres has a specific surface area of 71.100 m
2 g-1 with a total 
pore volume of 0.281 cm3 g-1 while that of 3-Ag2S/TiO2 is 63.486 m
2 g-1 with a total pore volume of 0.332 cm3 g-1. 
The TiO2 hierarchical spheres have pores with diameters of 5.78 nm while the 3-Ag2S/TiO2 has larger pore size at 
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12.493 nm. The slight decrease in the surface area could be due to the deposition of Ag2S nanoparticles in the pores 
of the TiO2 hierarchical spheres. From the absorption spectra of the n-Ag2S/TiO2 composites in Fig. 5b, it is 
observed that the deposition of narrow band gap Ag2S increases the absorption of TiO2 hierarchical spheres in the 
visible range. This increased absorption in the visible wavelength results in the generation of more electron-hole 
pairs in the composite under UV-visible illumination, which can lead to higher photocatalytic activity. 
 
 
Fig. 5 (a) BET of 3-Ag2S/TiO2. The inset shows the corresponding pore size distributions obtained from desorption isotherms. (b) Absorbance 
spectra of n-Ag2S/TiO2 composites. 
The photocatalytic water splitting results of the composites are shown in Fig. 6a. The H2 evolution rate of the 
TiO2 hierarchical spheres improved from 167 to 412 μmol h-1 g-1 with one Ag2S loading cycle and it increased to 
707.6 μmol h-1 g-1 for 3 loading cycles. However, when the number of loading cycles increased beyond 3, the H2 
evolution rate decreased to 329.8 μmol h-1 g-1 (5 loading cycles). At loading cycles of more than 3 times, the high 
density of Ag2S nanoparticles results in agglomeration on the surface of the TiO2 hierarchical spheres, as seen from 
the TEM image of 5-Ag2S/TiO2 which appears much darker than the 1-Ag2S/TiO2 and 3-Ag2S/TiO2 composites (Fig. 
3). The darker contrast is attributed to the high density of Ag2S nanoparticles populating the TiO2 hierarchical 
spheres. The high density of Ag2S nanoparticles can block out the light from TiO2, resulting in fewer photogenerated 
electrons and holes for the generation of H2, and a decline in the H2 evolution rate [12]. Besides photocatalytic water 
splitting, photodegradation of MO by the n-Ag2S/TiO2 composites, which is a demonstration of its wastewater 
treatment capabilities, was also investigated (Fig. 6b). The presence of Ag2S on TiO2 reduced the time needed to 
degrade MO to a relative concentration of 0.07 from 180 min to 150 min. The 3-Ag2S/TiO2 composite performed the 
best and was able to degrade MO to a relative concentration of 0.07 in 120 min. The photodegradation activity was 
further analyzed by studying the pseudo-first order kinetics of the various composites. This quantitative analysis is 
derived using the pseudo-first order model [13] as follows: 
 
ln(C0/Ct) = kt         (1) 
 
where C0 and Ct are concentrations of MO at time 0 and t respectively, and k is the pseudo-first order rate constant. 
The pseudo-first order rate constants, k, of the TiO2 hierarchical spheres and n-Ag2S/TiO2 composites are 
summarized in Table 1. TiO2 has the lowest constant k of 0.0110 min-1, while the 3-Ag2S/TiO2 composite has the 
highest k constant at 0.0179 min-1, indicating its enhanced dye degradation capability. The degradation results 
clearly show that the photodegradation of MO improved after loading Ag2S on TiO2 hierarchical spheres, with the 3-
Ag2S/TiO2 composite exhibiting the highest rate of photodegradation. This is due to an optimal loading of Ag2S 
nanoparticles on TiO2, which produced the best light harvesting ability and the lowest recombination rate. 
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Fig. 6 (a) H2 evolution rates and (b) time evolution MO photodegradation study in the presence of n-Ag2S/TiO2 composites. 
 
Table 1 Pseudo-first order rate constants k of the n-Ag2S/TiO2 composites. 
Photocatalysts  Kinetic constants, k (min-1) Correlation coefficient, R2 
TiO2 0.011  0.981  
1-Ag2S/TiO2  0.014  0.945  
2-Ag2S/TiO2 0.014  0.972  
3-Ag2S/TiO2  0.018  0.988  
4-Ag2S/TiO2 0.016  0.985  
5-Ag2S/TiO2 0.013  0.973  
 
Besides the H2 evolution rate, another important property is the stability of the photocatalyst over repeated use. 
To determine this, the 3-Ag2S/TiO2 composite was tested for H2 evolution repeatedly over 3 cycles (Fig. 7a). After 
each cycle, the photocatalyst was washed with DI water, dispersed in a newly prepared 10% v/v methanol–water 
solution, and purged with Ar gas before illumination with the xenon arc lamp again. The H2 evolution rate only 
dropped slightly from 707.6 to 650.5 µmol h-1 g-1 after 3 cycles, demonstrating the stability of the photocatalyst.  
The improved photocatalytic performance of the Ag2S/TiO2 composite is attributed to the charge transfer 
between Ag2S and TiO2 as shown in Fig. 7b. When the composite is illuminated with UV-visible light, the 
photogenerated electrons move from conduction band (CB) of Ag2S to CB of TiO2, while the holes are transferred 
from valence band (VB) of TiO2 to VB of Ag2S. This charge transfer process is thermodynamically more favorable 
because both the CB and VB of Ag2S lie above that of TiO2, and the electron-hole transfer process is faster than 
recombination [12, 14]. During water splitting, the holes react with methanol to produce H+ and several 
intermediates which were eventually oxidized to CO2, while the electrons reduce the H
+ ions to form H2 according 
to Eq. (2) and (3) [15-17].  
 
CH3OH + h
+ → oxidation products (H+, intermediates, CO2)   (2) 
2H+ + 2e– → H2        (3) 
 
In the case of MO degradation, photogenerated electrons produce oxygen peroxide radicals from dissolved 
oxygen molecules (Eq. (4)), while the holes react with OH– derived from H2O to form hydroxyl radicals OH
● (Eq. 
(5) and (6)). O2
●– and OH● are powerful oxidizing agents capable of degrading most pollutants [18, 19] and they can 
degrade the MO molecules to CO2, H2O, or other mineralization products (Eq. (7)). 
 
e– + O2 → O2●–         (4) 
h+ + OH– → OH●        (5) 
h+ + H2O → OH● + H+       (6) 
O2
●– or OH● + MO → degradation products     (7) 
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Fig. 7 (a) H2 production cycling of 3-Ag2S/TiO2. (b) Schematic diagram of the charge-transfer processes between Ag2S and TiO2 during 
photocatalytic processes. 
4. Conclusion 
Ag2S nanoparticles were successfully deposited on TiO2 hierarchical spheres at room temperature and the 
presence of Ag2S induced efficient charge separation and reduced recombination, thus enhancing photocatalytic 
activity of the photocatalyst. The 3-Ag2S/TiO2 composite gave the best performance and could produce H2 gas at an 
evolution rate of 707.6 μmol h-1 g-1. It was also capable of degrading organic pollutants, and it photodegraded MO to 
a relative concentration of 0.07 within 2 hours with a rate constant of 0.0179 min-1. 
Acknowledgements 
This work is supported by the A*STAR grant R-263-000-A96-305. 
References 
[1] Linsebigler, A.L., Lu, G.Q., Yates, J.T., 1995. Photocatalysis on TiO2 Surfaces - Principles, Mechanisms, and 
Selected Results, Chemical Reviews 95, p. 735. 
[2] Wang, G., Xu, L., Zhang, J., Yin, T., Han, D., 2012. Enhanced Photocatalytic Activity of TiO2 Powders (P25) via 
Calcination Treatment, International Journal of Photoenergy 2012, p. 9. 
[3] Haider, Z., Kang, Y.S., 2014. Facile Preparation of Hierarchical TiO2 Nano Structures: Growth Mechanism and 
Enhanced Photocatalytic H2 Production from Water Splitting Using Methanol as a Sacrificial Reagent, ACS Applied 
Materials & Interfaces 6, p. 10342. 
[4] Wu, H.B., Lou, X.W., Hng, H.H., 2012. Synthesis of Uniform Layered Protonated Titanate Hierarchical Spheres 
and Their Transformation to Anatase TiO2 for Lithium-Ion Batteries, Chemistry – A European Journal 18, p. 2094. 
[5] Ni, M., Leung, M.K.H., Leung, D.Y.C., Sumathy, K., 2007. A Review and Recent Developments in 
Photocatalytic Water-Splitting Using TiO2 for Hydrogen Production, Renewable & Sustainable Energy Reviews 11, 
p. 401. 
[6] Foo, W.J., Zhang, C., Ho, G.W., 2013. Non-Noble Metal Cu-Loaded TiO2 for Enhanced Photocatalytic H2 
Production, Nanoscale 5, p. 759. 
[7] Shen, J., Meng, Y.L., Xin, G., 2011. CdS/TiO2 Nanotubes Hybrid as Visible Light Driven Photocatalyst for Water 
Splitting, Rare Metals 30, p. 280. 
[8] Xie, Y., Heo, S.H., Kim, Y.N., Yoo, S.H., Cho, S.O., 2010. Synthesis and Visible-Light-Induced Catalytic 
Activity of Ag2S-Coupled TiO2 Nanoparticles and Nanowires, Nanotechnology 21, p. 015703. 
[9] Du, Y.P., Xu, B., Fu, T., Cai, M., Li, F., Zhang, Y., Wang, Q.B., 2010. Near-infrared Photoluminescent Ag2S 
Quantum Dots from a Single Source Precursor, Journal of the American Chemical Society 132, p. 1470. 
(a)
0
300
600
900
1200
1500
0 1 2 3 4 5 6 7 8
H 2
ev
o
lv
ed
 (µ
m
o
l g
-
1 )
Time (h)
0 1 2 0 1 2 0 1 2
TiO2
Ag2S
e-
CB
VB
CB
VBhv
h+
hv
(b)
14   Wei Li Ong and Ghim Wei Ho /  Procedia Engineering  141 ( 2016 )  7 – 14 
[10] Yang, W.G., Wan, F.R., Chen, Q.W., Li, J.J., Xu, D.S., 2010. Controlling Synthesis of Well-Crystallized 
Mesoporous TiO2 Microspheres with Ultrahigh Surface Area for High-Performance Dye-Sensitized Solar Cells, 
Journal of Materials Chemistry 20, p. 2870. 
[11] Xing, C., Zhang, Y., Wu, Z., Jiang, D., Chen, M., 2014. Ion-Exchange Synthesis of Ag/Ag2S/Ag3CuS2 Ternary 
Hollow Microspheres with Efficient Visible-Light Photocatalytic Activity, Dalton Transactions 43, p. 2772. 
[12] Liu, B.K., Wang, D.J., Zhang, Y., Fan, H.M., Lin, Y.H., Jiang, T.F., Xie, T.F., 2013. Photoelectrical Properties of 
Ag2S Quantum Dot-Modified TiO2 Nanorod Arrays and Their Application for Photovoltaic Devices, Dalton 
Transactions 42, p. 2232. 
[13] Herrmann, J.M., Tahiri, H., Ait-Ichou, Y., Lassaletta, G., González-Elipe, A.R., Fernández, A., 1997. 
Characterization and Photocatalytic Activity in Aqueous Medium of TiO2 and Ag-TiO2 Coatings on Quartz, Applied 
Catalysis B: Environmental 13, p. 219. 
[14] Zhu, L., Meng, Z., Trisha, G., Oh, W.C., 2012. Hydrothermal Synthesis of Porous Ag2S Sensitized TiO2 
Catalysts and Their Photocatalytic Activities in the Visible Light Range, Chinese Journal of Catalysis 33, p. 254. 
[15] Yoong, L.S., Chong, F.K., Dutta, B.K., 2009. Development of Copper-Doped TiO2 Photocatalyst for Hydrogen 
Production under Visible Light, Energy 34, p. 1652. 
[16] Sreethawong, T., Yoshikawa, S., 2005. Comparative Investigation on Photocatalytic Hydrogen Evolution over 
Cu-, Pd-, and Au-Loaded Mesoporous TiO2 Photocatalysts, Catalysis Communications 6, p. 661. 
[17] Choi, H.J., Kang, M., 2007. Hydrogen Production from Methanol/Water Decomposition in a Liquid 
Photosystem using the Anatase Structure of Cu Loaded TiO2, International Journal of Hydrogen Energy 32, p. 3841. 
[18] Kaneko, M., Okura, I., 2002. Photocatalysis: Science and Technology, Springer. 
[19] Bard, A.J., Parsons, R., Jordan, J., 1985. Standard Potentials in Aqueous Solution, Taylor & Francis. 
 
 
